Background: Abnormal mucin-type O-glycosylation is in human breast cancer tissues with unclear in vivo functions. Results: Core 1 ␤1,3-galactosyltransferase (C1galt1) is critical to O-glycosylation. Genetic deletion of C1galt1 in the mammary epithelium reduces tumor development in breast tumor mouse models. Conclusion: Lacking core 1-derived O-glycans retards breast cancer development in mice. Significance: Core 1-derived O-glycans are important during mammary tumorigenesis.
Mucin-type core 1-derived O-glycans, one of the major types of O-glycans, are highly expressed in mammary gland epithelium. Abnormal O-glycans such as Tn antigen are found in over 90% of breast cancers; however, the in vivo role of these aberrant O-glycans in the etiology of breast cancer is unclear. We generated mice with mammary epithelial specific deletion of core 1-derived O-glycans. By crossing with two spontaneous mouse breast cancer models, we determined that loss of core 1-derived O-glycans delays the onset and progression of breast cancer development. Deficiency of core 1 O-glycosylation impaired the localization of Muc1, a major O-glycoprotein, on the apical surfaces of mammary epithelium. Signaling mediated by Muc1, which is critical for breast cancer development, was also defective in the absence of core 1 O-glycans. This study reveals an unexpected role of core 1-derived O-glycans in breast cancer development in mice.
Mammary gland epithelial cells are polarized glandular cells with specialized apical and basolateral membrane domains. This ductal-lobular system is surrounded by a layer of myoepithelial cells, which provide support and propulsive force for the contents of the ducts. The majority of breast cancers arise from mammary gland epithelial cells. Both normal and malignant mammary epithelia express large amounts of secreted and membrane-bound glycoproteins that are primarily modified by mucin-type O-glycosylation (1) .
Mucin-type O-glycosylation (hereafter referred to as O-glycosylation) starts with addition of N-acetylgalactosamine (GalNAc) 4 to either serine or threonine. The resulting O-linked structure is called Tn antigen ( Fig. 1A) , which is a biosynthetic intermediate to all O-glycans. Core 1 O-glycan is the most common structure expressed in mammary gland epithelium (1) .
In normal mammary epithelial cells, core 1 O-glycan (also named T antigen) is often capped with sialic acids and/or branched to form a diverse array of O-glycans, which include sialylated core 2 O-glycans (2) . However, in breast cancer, truncated O-glycans are prevalently expressed (3, 4) . Aberrant expression of several early biosynthetic intermediates has been reported (1, 2, 4, 5) . For example, Tn is detected in almost 90% of breast cancers while it is rarely detected in normal tissue. The occurrence of its sialylated form sTn is associated with poor prognosis of breast cancer (4, 5) . Recently, genetic mutations or epigenetic aberration in glycosylation pathways of tumor cells have been identified to cause abnormal expression of Tn and sTn (6, 7), but it is unclear whether this alteration plays a causative role in breast tumor development.
Biosynthesis of core 1 O-glycan is exclusively controlled by the enzyme core 1 ␤1, 3-galactosyltransferase (C1galt1, T-synthase, Fig. 1A ). Lack of C1galt1 activity results in exposure of Tn (1, 6) . In human breast cancer, higher C1galt1 gene expression has been found in ductal breast carcinomas when compared with non-cancerous tissues (8, 9) . Higher C1galt1 expression in tumor tissue is associated with advanced tumor stages and poor survival in breast cancer patients (9, 10) . Yet, the in vivo role of core 1 O-glycan and its derivatives (core 1-derived O-glycans) in breast tumor development remains to be defined. To address this question, we generated mice lacking C1galt1 specifically in mammary gland epithelial cells (ME C1galt1 Ϫ/Ϫ ). After crossing with two commonly used murine breast tumor models, we unexpectedly found that ME C1galt1 Ϫ/Ϫ mice exhibited delayed onset and retarded progression of breast tumors.
Experimental Procedures
Mice-To generate the ME C1galt1 Ϫ/Ϫ mice, we developed mice in which C1galt1 was flanked by loxP sites (C1galt1 f/f mice) (11) . C1galt1 f/f mice were bred with a transgenic line expressing Cre recombinase specifically in mammary gland epithelial cells, under control of the mouse mammary tumor virus (MMTV) promoter (12) . To determine the contribution of core 1 O-glycan to breast cancer development, we bred ME C1galt1 Ϫ/Ϫ , respectively with two well-established transgenic mouse models of breast cancer: MMTV-ErbB2 transgenic mice expressing the activated ErbB2 oncogene controlled by the MMTV promoter (12); MMTV-PyMT transgenic mice expressing polyoma virus middle T antigen from the MMTV promoter (13) . All mouse experiments were carried out by comparison between littermates on mixed background. Experimental protocols were approved by the Institutional Animal Care and Use Committee of the Oklahoma Medical Research Foundation.
Orthotopic Mammary Gland Tumor Implantation-Mammary gland tumor implantation experiments were carried out based on published methods (14) . Briefly, 8-week-old immunedeficient females (NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ, NRG) were used as recipients. Mouse mammary tumors from 14-week-old MMTV-PyMT females with or without mammary gland core 1 O-glycan deficiency were dissected into small and triangle-shaped pieces (2 mm ϫ 1 mm in size). Each of these tumor masses was implanted into the fourth mammary glands of NRG mice (n ϭ 20 mice). Since the MMTV-PyMT mice develop multifocal and heterogeneous adenocarcinomas, we collected the same number of implants from the first, second, third and fourth mammary glands of littermates. The tumor volume was measured by a caliper and calculated with the formula: V (mm 3 ) ϭ 0.5 ϫ a (mm) ϫ b 2 (mm 2 ), where 'a' and 'b' are the largest and smallest perpendicular tumor diameters, respectively.
Immunofluorescent Staining-For immunofluorescent staining, 5-m thick deparaffinized sections were blocked, after heat-induced antigen retrieval (Dako), with 0.3% Triton X-100, 3% donkey serum, 3% goat serum, and 3% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) and incubated overnight at 4°C with specific combinations of the following primary antibodies: rabbit polyclonal anti-Muc1 cytoplasmic tail (Abcam), mouse anti-␤-catenin (Cell Signaling), rabbit anti-Ki67 (clone SP6; Millipore), rat anti-␣-SMA (Sigma), and rat anti-CD45 (Abcam). After washing in PBS, sections were incubated with the appropriate secondary antibodies conjugated to AlexaFluor (AF)-488, DyLight (DL)-549, or DL-649 (Jackson ImmunoResearch). The sections were mounted in mounting medium with or without DAPI (4,6 diamidino-2phenylindole; Invitrogen) and analyzed by confocal scanning microscopy using a DSU spinning-disk head mounted on an Olympus IX81 inverted microscope with a Hamamatsu ORCA-R2 camera.
Immunohistochemical Analysis-Paraffin-embedded tissue sections (5 m in thickness) were deparaffinized and rehydrated, endogenous peroxidase activity was quenched with 3% H 2 O 2 for 10 min, antigen retrieval was performed using antigen unmasking solution (Vector Laboratories), and nonspecific binding was blocked using a nonspecific protein block (Dako) for 1 h. Slides were incubated with primary antibodies against Ki67 (Millipore), sTn (clone 3F1 (SBH Sciences) or biotinylated mAb against sTn antigen (mouse IgG, clone TKH2)), T antigen (clone 3C9; SBH Sciences; after neuraminidase treatment (0.5 units/ml, Roche)) or biotinylated mAb against Tn antigen (mouse IgM, clone Ca3638) at 4°C overnight. After washing, sections were incubated with appropriate secondary antibodies conjugated to horseradish peroxidase. Immunoreactivity was visualized using a peroxidase-diaminobenzidine kit (Vector Laboratories).
Immunoblotting-Tumor or mammary tissue lysates (in 150 mM sodium chloride, 1.0% Nonidet-P40, 50 mM Tris, pH 7.4, and protease and phosphatase inhibitors) were used for immunoblotting. Rabbit polyclonal antibody against Muc1 cytoplasmic tail was purchased from Abcam, and all other primary antibodies were purchased from Cell Signaling. All were used at a dilution of 1:1000. Horseradish peroxidase-conjugated anti-rabbit or antimouse secondary antibodies (Jackson ImmunoResearch) were used at a 1:5000 dilution. Membranes were developed using the SuperSignal West Pico Kit (Thermo Scientific).
Statistical Analysis-Statistical analysis was performed using Student's t test. Differences were considered statistically significant at p Ͻ 0.05.
Results

C1galt1 Deficiency in Mammary Epithelial Cells Delays Breast Cancer Progression in the ErbB2
Model-ME C1galt1 Ϫ/Ϫ mice were fertile and have no significant gross morphological abnormalities when compared with wild-type littermate controls (WT or C1galt1 f/f ). Histological examinations of multiple organs, including brain, liver, lung, salivary gland, intestine, kidney, and spleen, revealed no significant differences between ME C1galt1 Ϫ/Ϫ mice and C1galt1 f/f mice (data not shown). Lack of C1galt1 results in the abnormal exposure of Tn antigen, which is known as a common tumor-associated carbohydrate antigen. However, ME C1galt1 Ϫ/Ϫ mice did not exhibit spontaneous development of mammary tumors (data not shown), suggesting that expression of Tn is not sufficient to induce breast cancer formation.
To further address this issue, we crossed ME C1galt1 Ϫ/Ϫ mice with MMTV-ErbB2, a transgenic mouse model that develops spontaneous breast cancer resembling the sporadic human breast cancer, to generate ME C1galt1 Ϫ/Ϫ ;MMTV-ErbB2 mice (ME C1galt1 Ϫ/Ϫ /Erb) ( Fig. 1B) (12) . Unexpectedly, ME C1galt1 Ϫ/Ϫ /Erb mice exhibited a reduction in breast tumor development as indicated by pooled primary tumor volume in comparison with MMTV-ErbB2 littermates (Fig. 1, C and D) . Accordingly, Kaplan-Meier analysis indicated that tumor-free survival in parous females of ME C1galt1 Ϫ/Ϫ /Erb mice was much longer than that of C1galt1 f/f /Erb (Fig. 1E ). In addition, lung metastasis was dramatically reduced in ME C1galt1 Ϫ/Ϫ / Erb mice compared with C1galt1 f/f /Erb mice (Fig. 1F) .
Mammary Epithelial Cell-specific Deficiency of C1galt1
Delays the Onset of Tumors in PyMT Model-Breast cancer development in the MMTV-ErbB2 model has a long latent period (ϳ12 months) (13) . In contrast, breast tumor develops as early as 2.5 months of age in MMTV-PyMT transgenic mice, another well-established breast cancer mouse model (13) . To determine if lack of core 1-derived O-glycans alters the onset of mammary tumors, ME C1galt1 Ϫ/Ϫ mice were crossed with MMTV-PyMT to generate ME C1galt Ϫ/Ϫ ;MMTV-PyMT mice (ME C1galt1 Ϫ/Ϫ /Py) (Fig. 2, A and B) . ME C1galt1 Ϫ/Ϫ /Py mice exhibited a significant delay in breast tumor development compared with C1galt1 f/f /Py littermates (Fig. 2C ). Gross analysis revealed that the C1galt1-deficiency decreased the number of mammary nodules compared with control littermates at the early stage of tumor formation, suggesting a decrease in progression of mammary intraepithelial neoplasia in ME C1galt1 Ϫ/Ϫ /Py mice ( Fig. 2D ). Furthermore, C1galt1 f/f /Py mice developed grossly detectable and histologically confirmed lung metastasis by 22 weeks of age; whereas, ME C1galt1 Ϫ/Ϫ /Py littermates exhibited no detectable lesions within the lung (data not shown). C1galt1 f/f /Py ducts also had high levels of cytoplasmic/nuclear ␤-catenin and few ␣-SMA positive myoepithelial cells consistent with neoplastic transformation ( Fig. 2E) (15) ; however, ME C1galt1 Ϫ/Ϫ /Py ducts exhibited cell membrane-associated staining pattern of ␤-catenin and ␣-SMA positive myoepithelial layers, both consistent with normal mammary epithelial architecture ( Fig. 2E ).
Decreased Tumor Development in Core 1 O-Glycan-deficient Mice Is Not Attributed to the Adaptive Immune Responses-Exposed Tn antigen in the absence of core 1 O-glycan may elicit immune responses, which may contribute to the delayed tumorigenesis. To address this question, we stained sections of different stages of tumors for the presence of infiltrating immune cells. Our analysis did not detect obvious differences of CD45 ϩ cells in premalignant and malignant tumor tissues between ME C1galt1 Ϫ/Ϫ /Py mice and WT littermate controls (data not shown). This result suggests that immune responses . Mating started when the female mice were 6 weeks old and was reserved for the following 1-month mating period to induce one pregnancy. F, metastatic lung lesions when primary tumor size reached 17 mm (any dimension) were quantified and expressed as a percentage of the mice with metastatic lung lesions compared with the total number of mice in each cohort (n ϭ 7). to Tn antigen may not contribute to the delayed tumor development in ME C1galt1 Ϫ/Ϫ /Py mice.
To definitively address this question, we transplanted samesized breast tumor grafts from ME C1galt1 Ϫ/Ϫ /Py mice or C1galt1 f/f /Py littermates orthotopically into the 4 th mammary gland of immune-deficient NRG mice, which lack adaptive immunity (14) . The tumor implant growth was monitored for 7 weeks after implantation. Consistent with the retarded growing nature in the donor ME C1galt1 Ϫ/Ϫ /Py mice, ME C1galt1 Ϫ/Ϫ /Py tumor implants grew significantly slower than that of C1galt1 f/f /Py tumor implants as demonstrated by gross and histologic analyses (Fig. 3) . These results indicate that potential immune responses to Tn antigen, if there are any, do not significantly contribute to breast cancer development in our mammary gland core 1-derived O-glycan-deficient mice.
Lack of Core 1 O-Glycosylation Decreases Proliferation of Mammary Epithelial Cells-Decreased ductal neoplasia formation in C1galt1-deficient tumor bearing mice suggested a defect in proliferation; therefore, we stained mammary epithelial ducts with Ki67, a marker for cellular proliferation (16) . We found decreased Ki67-positive epithelial cells within the ducts of ME C1galt1 Ϫ/Ϫ mice when compared with WT C1galt1 f/f littermates (Fig. 4A ). We next analyzed whether core 1 O-glycan deficiency alters mammary epithelial cell proliferation in the PyMT transgenic mouse tumor model by monitoring Ki67 expression at different stages of breast tumor development. We found that when compared with C1galt1 f/f /Py mice, ME C1galt1 Ϫ/Ϫ /Py mice exhibited significantly reduced Ki67positive cells at all time points corresponding to different tumor stages ( Fig. 4, B and C) , i.e. hyperplasia, adenoma, and invasive carcinoma, which correlates with human tumor development (13) ; notably, cells lining ductal structures of ME C1galt1 Ϫ/Ϫ /Py mice were largely Ki67-negative.
Antibody to Tn antigen detected robust signals in the ME C1galt1 Ϫ/Ϫ /Py breast epithelium and tumors, confirming the deletion efficiency. Antibody to sTn antigen showed no signals. Antibody to T antigen detected positive staining in C1galt1 f/f /Py mammary epithelial cells after desialylation, suggesting that most T antigens were sialylated. Anti-T exhibited negative staining of ME C1galt1 Ϫ/Ϫ /Py ductal-like structures but not in other cell types, indicating the specificity and efficiency of the deletion (Fig. 4D) .
Importantly, lack of core 1 O-glycosylation did not affect growth of the primary mammary ductal network, based on the extent of the ductal growth in relation to the nipple, lymph node, and the end of the fat pad although there was a modest reduction of secondary branching in the absence of core 1 O-glycans. This result suggests that primary mammary developmental defects are unlikely the cause of the delayed development of breast cancer in our model (Fig. 5) . 
Altered Apical Expression and Associated Downstream Signaling of Muc1 in Core 1 O-Glycan-deficient
Mice-We next sought to better understand the molecular mechanism underlying delayed mammary gland tumorigenesis in the absence of core 1-derived O-glycans. Mucin Muc1 is a predominant O-glycoprotein in the mammary gland. Altered Muc1 expression is found in over 90% of breast cancers and has been associated with increased tumor growth and metastasis (17) (18) (19) . However, whether loss of core 1-derived O-glycans alters function and/or expression pattern of Muc1 in vivo is unclear (20) . The expression of Muc1 is confined to the apical surface at relatively low levels under normal condition, and at very high levels following tumor transformation (21) . We analyzed mammary glands of 4-to 5-week-old ME C1galt1 Ϫ/Ϫ /Py mice, a time point prior to palpable tumor formation (13) . Immunofluorescent staining results showed that Muc1 was primarily detected on the apical surface of epithelium and in the duct lumens in 4 -5-week-old ME C1galt1 f/f /Py mammary tissues. In contrast, Muc1 lost this apical localization and was found diffusely expressed in ME C1galt1 Ϫ/Ϫ /Py mammary glands (Fig.  6A) . Similarly, apical localized or diffused expression patterns of Muc1 were found in mammary glands of C1galt1 f/f or ME C1galt1 Ϫ/Ϫ mice, respectively (Fig. 6B) . These data support that core 1 O-glycosylation is critical for proper expression and localization of Muc1.
To determine how core 1 O-glycan regulates Muc1 expression, we immunoblotted WT breast tissue with an antibody against the cytoplasmic tail of Muc1. Under non-denaturing and non-reduc- ing condition, immunoblots revealed a single band Ͼ 250 kDa, which is equivalent to the fully-glycosylated Muc1 (22) . The molecular weight of Muc1 from ME C1galt1 Ϫ/Ϫ breast tissues was lower relative to WT, suggesting decreased O-glycosylation (Fig.  6C ). However, in ME C1galt1 Ϫ/Ϫ /Py breast tumor tissues, smeared bands at lower molecular weights relative to the WT Muc1 were detected (Fig. 6C) , likely representing under O-glycosylated and/or degraded Muc1. This result also suggests that tumor transformation promotes degradation of core 1 O-glycandeficient Muc1.
In mouse mammary glands, Muc1 is phosphorylated on tyrosine residues and interacts with a variety of signaling molecules including Src that are critical in mammary tumorigenesis (18, 23) . Src phosphorylates the Muc1 and potentiates Src signaling by bringing it closer to its downstream targets such as PI3k and FAK, which in turn alter growth, proliferation, survival, and migration of tumor cells (18, 19, 23) . Immunoblot analysis revealed a marked decrease of the activated form of Src in breast tissues from 4 -5week-old ME C1galt1 Ϫ/Ϫ /Py mice compared with C1galt1 f/f /Py mice. Additionally, expression of the downstream signaling molecules such as active forms of PI3k, Akt, and MAPK were also reduced in O-glycan-deficient mice ( Fig. 6D and data not shown) . These data support that loss of mammary core 1-derived O-glycans alters expression patterns of key O-glycoproteins such as Muc1 and leads to decreases in cell proliferation signaling pathways.
Discussion
Expression of aberrant forms of O-glycans such as Tn and sTn is frequently observed in breast cancer and considered to play a causal role in tumor development (7) . In this study, we unexpect-edly found that loss of core 1-derived O-glycans and subsequent expression of Tn in mammary epithelial cells delayed the onset and progression of breast tumor based on results from two wellestablished spontaneous breast tumor mouse models. Deficiency of core 1 O-glycans altered expression patterns of the major O-glycoprotein, Muc1, in the mammary epithelial cells and impaired cell proliferation associated with Muc1-mediated signaling.
Loss of core 1 O-glycosylation may affect the expression and/or functions of many O-glycoproteins that regulate mammary gland proliferation. However, as the predominant O-glycoprotein, Muc1 is known to play a critical role in mammary gland development in both human and mouse. Muc1 is comprised of two subunits, Muc1-N and Muc1-C (22) . The larger subunit (Muc1-N) of the ectodomain primarily consists of tandem repeats, which are heavily O-glycosylated. Muc1-N is connected to the transmembrane and cytoplasmic tail, Muc1-C, to be located on the apical surface of normal polarized breast epithelia. In breast cancer cells, the Muc1-N/Muc1-C complex is found over the entire cell membranes. Altered expression of Muc1 in breast cancer is associated with increased interactions between Muc1-C and receptor tyrosine kinases, such as epidermal growth factor receptor (EGFR) of the ErbB protein family (17, 19) . This interaction contributes to activation of the PI3K-AKT and mitogen-activated protein kinase (MEK/ERK) pathway (18, 19) . Our observation that activation of these signaling pathways was reduced in core 1 O-glycan-deficient mammary glands. Our data support that altered expression of Muc1 in the absence of core 1 O-glycans impairs pro-proliferative signals, which supports that Muc1 requires core 1-derived O-glycans for its proper surface expression, stability, and/or to interact with receptor tyrosine kinases. The immune system plays a critical role in cancer development and/or spreading (24, 25) . Tn antigen, which is known as a tumor-associated carbohydrate antigen, may elicit immune responses that potentially retard tumor growth and metastasis in our models. However, our data show no differences in the number of immune cell infiltrates between Tn-positive breast tumors (lack of core 1 O-glycan) and Tn-negative breast tumors (WT). Furthermore, orthotopical breast tumor implantation experiments using immune-deficient NRG mice as recipients demonstrate immune responses do not significantly contribute to the retarded tumor development in our mouse models lacking mammary gland core 1-derived O-glycans.
Human breast cancer cells show increased expression of sialyltransferase ST6GalNAc1, which can modify Tn to form sialyl Tn (sTn) (26, 27) . Therefore, deficiency of C1Galt1 may cause compensatory increase of sTn. However, our immunostaining of sTn in C1Galt1-deficient mammary tissue yielded negative results, suggesting that most Tn antigens are not converted to sTn in our models. Moreover, T antigen and sT (core 1 structure and sialylated core 1 structure) were commonly expressed in breast cancers (2, 4, 28, 29) . Consistent with this, T and sT were found in PyMT tumor tissues but not in ME C1galt1 Ϫ/Ϫ /Py tumors. These data indicate that deletion of C1galt1 eliminates core 1-derived O-glycans, which include sT and core 2 O-glycans. Together, our data show that exposure of Tn antigen and elimination of core 1-derived O-glycans in the absence of C1Galt1 retard breast tumor development in our models.
Our results are consistent with recent reports that show higher C1galt1 gene expression in human breast cancer relative to non-cancerous breast tissue (8, 9) . In addition, increased C1galt1 expression in tumor tissue has been associated with enhanced Muc1 function and advanced tumor stages (9) . Our study provides evidence that elimination of core 1 O-glycosylation alters the expression pattern of Muc1 in both non-transformed and transformed mammary epithelial cells in vivo and results in decreased Muc1 signaling associated with cell proliferation. Furthermore, impaired apical localization of Muc1 and decreased ␤-catenin on mammary epithelial cells as well as increased ␣-SMA on surrounding myoepithelial cells in ME C1galt1 Ϫ/Ϫ tissues suggests that loss of core 1 O-glycans decreases the transformation of mammary epithelial ducts into invasive carcinoma. This study provides valuable insights into the role of core 1-derived O-glycans and Tn/sTn antigen in mammary gland tumorigenesis. 
